had been replaced by a test solution containing a single penetrating nonelectrolyte solute. Both axons of each pair were exposed to the same test solution, one at rest and the other stimulated at a frequency of 100/see. The change in axon volume was calculated from the change in axon diameter. Changes in length were avoided by keeping the axon under tension. The area was assumed to remain constant, since the axon may begin to swell with no changes in its area owing to irregularities in the surface.
Test Nonelectrolyte Molecules
The penetrating molecules used in the present work, chosen from homologous series of nonelectrolytes, were the following: formamide, propionamide, malonamide; ethylene glycol, propylene glycol, glycerol, erythritol; urea, methylurea, and dimethylurea. Their molecular model radii (20, 24) , and olive oil/water partition coefficients (27) , are given in Table I . 
Composition of the Solutions
The components of normal artificial sea water and their concentrations in millimols per liter are as follows: NaC1, 441.7; KCI, 9.9; CaC12, 11.0; MgCI~, 53.1; NaHCO3, 2.5. Its osmolality of 1010 milliosmols/kg of water is considered as isosmolal with the axoplasm. The isotonic standard solution was prepared with artificial sea water from which 205 milliosmols of NaC1 per kilogram of water were removed and replaced by 205 milliosmols of raffinose per kilogram of water.
The test solutions were made with artificial sea water from which 205 milliosmols of NaC1 were removed and different amounts of a single penetrating nonelectrolyte solute were added to obtain the concentrations shown in Table II .
T h e rate of volume change per unit area, dV/Adt, of an axon exposed to a solution containing one penetrating nonionic solute and osmotically impermeable to the other solutes present at both sides of the axolemma, is described by the following equation:
in which Lv is a phenomenological coefficient, A~-~ the osmotic pressure difference produced by the nonpenetrating solutes, cr the Stavermann reflection coefficient, R the gas constant, T the absolute temperature, and Ac, is the concentration difference of penetrating solute across the membrane. ~RTAc~ is the osmotic pressure actually produced across the axolemma by the concentration difference of penetrating solute.
The limiting values of the reflection coefficient are ~ = 1 when the membrane is permeable to the solvent and not to the solute a n d , = 0 when the solute and solvent molecules pass across the membrane with equal velocity. 
For evaluation of o-by means of equation 2, (dV/Adt) o, the initial rate of volume change per unit area, was used instead of dV/Adt, in order to minimize changes in Acs caused by the penetration into the axon of the test solute (see reference 24). In the present work raffinose and the normal constituents of artificial sea water and of the axoplasm are considered as osmotically nonpenetrating solutes. For NaC1, values of ~ = 1 were calculated from measurements of (dV/Adt)o in 10 pairs of resting and stimulated axons, up to 150/see, exposed to sea water made hypotonic or hypertonic by removing 103 or by adding 205 milliosmols of NaCI per kilogram of water. In I0 pairs of axons, raffinose was demonstrated to exert its full osmotic effect when it was used to replace, osmol per osmol, 205 milliosmols of NaC1 in the artifical sea water. Fig. 2 shows the change in diameter which occurred when two pairs of axons were exposed to the ethylene glycol test solutions. O n e axon of each pair was kept at rest a n d the other was stimulated at a frequency of 100/sec while exposed to the test solution. O n e pair of axons was exposed to the solution containing 96 milliosmols/kg of water, a n d the other to the solution containing 436 milliosmols/kg of water. T h e concentration difference of n o n p e n e t r a t i n g solutes, ATrl/RT, was 205 milliosmols/kg experiments. Six pairs of axons were used. One axon of each pair was stimulated at a frequency of 100/see during I min, before both axons of each pair were exposed at rest to the test solution containing 108 milliosmols of propylene glycol per liter. T h e ratio of the (dV/Adt) o of the resting axons previously stimulated to that of the paired always kept at rest is 1.0 4-0.1. Thus, it m a y be concluded that the change caused by stimulation is reversible and not due to a permanent alteration of the axolemma. Ac, correspond to the paired resting and stimulated axons. Fig. 3 reveals that the external concentrations of ethylene glycol needed to prevent the initial change in volume, as calculated by graphic interpolation, are 309 and 379 milliosmols/kg of water for the axons at rest and stimulated at 100/see respectively. These concentrations are higher than the concentration of nonpenetrating solute required to produce the same effect. Similar results were obtained with all the test solutes. 
T H E E Q U I V A L E N T P O R E R A D I U S
T h e expression equivalent pore radius should be taken in its literal meaning, since at the present time no experimental evidence is available concerning the conformation of the pathways in the axolemma. T h e y could be approximately cylindrical, rectangular, or intermediately shaped, tortuous or straight, and they m a y exist as transient paths appearing and disappearing by r a n d o m fluctuations or as permanent structures. T h e y may be lined by lipid polar groups or by proteins, or may be formed by spaces separating the outer surfaces of membrane repeating units. T h e y m a y exist or occur individually at intervals or in small cluster.
A~I, the effective pore area for filtration of a molecule through a membrane is 
(2~).
By means of the previous equations the value of ~ for a n y ratio A , H A w l and for any value of r~ m a y be calculated. Thus: ( 5 ) in which r, and r,o are the molecular radii of the solute and water respectively. The radius of the water molecule is taken as 1.5 A (28). Table I I I shows the experimental values of ~ and also the values of rp that if introduced in equation 5 give values of cr equal to those experimentally determined for each of the 10 penetrating solutes. Fig. 4 shows the theoretical curves representing 1 --a as a function of the molecular radius, which describe most closely the experimental results. They correspond to equivalent pore radii of 4.7 A for the axolemma at rest, and 6.2 A for the axolemma carrying 100 impulses per second, respectively. The experimental values of 1 --~r determined in the resting and the stimulated axons, are plotted as a function of the molecular radius juxtaposed to the corresponding theoretical curve.
Diffusion and Filtration
The equivalent pore radius of 4.7 A for the resting axolemma agrees with recent measurements of the penetration by diffusion of 14C --labeled ethylene glycol (unpublished), erythritol, mannitol, and sucrose (12, 29, 30) . The molecular radii of mannitol and sucrose are about 4 and 4.5 A respectively.
An increase in the penetration of these 14C-labeled nonelectrolytes was observed in stimulated axons. It was considered to be due to an increase in the effective area available for the penetration of the nonelectrolyte during activity and to a drag effect of the sodium ions entering the axon during the conduction of the nerve impulse (12, 29, 30) . The effect of stimulation on the penetration of the 14C-labeled solutes was observed to be independent of axon diameter for ethylene glycol (unpublished results), but it was found to diminish progressively as a function of axon diameter for erythritol, mannitol, and sucrose (31) . Slight structural changes in the diffusion barriers would be enough to account for these results, In support of this suggestion, ultrastructural changes related to axon diameter have been found in the squid nerve fiber (32, and unpublished results).
A cylindrical treatment of the configuration of small molecules has revealed good correlations between reflection coefficient a and molecular diameter and between diffusion coefficient and molecular length. 1 It suggests that irregularities or tortuosities in the pathways should more critically affect diffusion than filtration. In agreement with this, no changes related to axon diameter were found in the values of ~ for the nonelectrolytes molecules tested in the present work.
The Schwann layer is traversed by slitlike channels, 60-120 A wide, which allow water, ions, and molecules to reach the axolemma surface (32, 33) . Also the osmotic swelling of the Schwann cells does not appear to reduce these pathways sufficiently to produce variation in the rate of axon volume change (33) . Assuming an effective channel width of 30 A owing to the presence of connective tissue-like ground substance in the channel lumen (32) , it may be calculated that the reflection coefficient of the Schwann layer for erythritol, the largest test molecule used in the present work, is 0.15. The values of ~ calculated for the axolemma are 0.90 and 0.85 in the resting and stimulated stages respectively. Therefore, the assumption that the main barrier for molecular filtration is situated in the axolemma is justified (see reference 20, 34).
Molecular Radius and Lipid Solubility
The simplification involved in the estimation of the molecular radii, the steric hindrance due to molecular and pore charge interactions, and the existence of other mechanisms for molecular transfer across the axolemma are some of the factors that may account for the deviations of individual values from the curves shown in Fig. 4 (see reference 20, 24) .
The nonelectrolytes having polar groups such as --OH, and --NH~, which are capable of binding water through hydrogen bonds, should have in solution radii larger than those computed from their molecular models. Similarly, the noneleetrolytes such as urea, which owing to their electrical assymmetry may interact with the pore changes, are expected to behave as molecules with radii larger than those of the corresponding molecular models. The opposite effect will be produced by the coexistence in the membrane of nonelectrolyte transport processes with rates of the same order of magnitude as that of the penetration through equivalent pores. The contribution of the additional transport on the values of a and rp may be significant in cells with a low water permeability, such as the squid axon (34) , in which the time required to measure osmotically induced volume changes is of the order of seconds.
One of the mechanisms proposed for the transfer of molecules across cell membranes, in addition to the penetration through pores, is the passage through the "lipoid layer." As shown in Fig. 5 , to ascertain the contribution of this mechanism to the equivalent pore radius calculated in resting and stimulated axons, the values of r~ that would best fit the individual molecule calculated from the value of ~ for each test molecule, in the axons at rest and stimulated at 100/sec, were represented versus the respective olive off/water partition coefficient of the molecules.
It may be seen in Fig. 5 , that the net increases caused by stimulation in the pore radius calculated from the values of ~ (rest and stimulated) for each test molecule, are somehow related with olive off/water partition coefficient of the test solutes. The most striking contribution of the passage through the lipid route occurs in the stimulated axons. Since olive oil is composed of glyceryl esters of oleic, palmitic, linolenic, and arachidic acids, this relation suggests that during the conduction of the nerve impulse a structural transformation of the axolemma occurs which allows the nonelectrolyte molecules to reach the nonpolar regions of the membrane lipids. This structural transformation is in all probability related to the formation (or opening if they preexist in the resting axolemma) of the equivalent pores which characterize the stimulated axons.
The existence in the axolemma of ion pathways, channels, and/or equivalent pores, has been proposed to explain the ion permeabilities that underlie the electrical phenomena. Previous calculations from measurements of the filtration of water and CELL MEMBRANE BIOPHYSICS nonelectrolyte molecules, expressed in terms of the reflection coefficient ~, indicated that the resting axolemma the equivalent pores have a radius in the 4-5 A range and that they are spaced about 1000 A apart (20, 34, 35) . In the present work, by use of the same method (24) and essentially the same technique (20) , changes in equivalent pore radius during conduction of the nervous impulse were investigated. Measurements of the reflection coefficient e of the axolemma in resting and stimulated axons were performed for 10 penetrating nonelectrolyte molecules. It permitted the calculation that the equivalent pore radius of the axolemma at rest is 4.7 A and that of the axolemma carrying 100 impulses per second is 6.2 A. The relation between the increase caused by stimulation in the pore radius calculated from the values of (rest and stimulated) for each test molecule and the olive oil/water-partition coefficient suggests that during formation of pores characteristic of activity, nonelectrolytes may reach the nonpolar regions of the membrane lipids. The results suggest that the ion channels may be a fraction of the total number of equivalent pores calculated from water and nonelectrolyte permeability studies. The use of a pore by an ion to move across the axolemma may be conditioned by some characteristics of the pore, such as chemical nature and charges, in addition to size.
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